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A theoretical prediction of the folded path weighting
function for optical scintillation strength was made by Dr.
Avihu Ze'evi. In an effort to verify this prediction, a
sixty - one meter, enclosed turbulence chamber was built,
allowing the position of a turbulence source to be moved and
the scintillation strength measured at different path posi-
tions. This experiment tested the Ze'evi hypothesis using a
corner cube, a cat's eye and a flat mirror and compared the
results of each. The experimental results do not follow Dr.
Ze ' evi ' s theory. The general pattern of both the corner cube
and the flat mirror have less weight at the detector end
than predicted and more weight at the target end than
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I. INTRODUCTION
A. GENERAL
In optical propagation through a turbulent atmosphere,
fluctuations in the atmospheric refractive index causes
random deviations in phase across the propagation wavefront
.
Familiar examples are the twinkling of stars or the image
boil of lasers, a form of scintillation. Scintillation
results from random fluctuations of the index of refrac-
tion of the atmosphere causing constructive and destructive
interference (wave front tilt and loss of resolution).
These interference effects are recognized by an observer as




The theory of the random fluctuations of the refractive
index produced in a weak turbulence region was developed by
Tatarski [Ref. 1] and uses the normalized log amplitude
variance given by:
X^ B«(0) = 2l\
J
jFx(K)ftdK,
= 2/[\K dK\ 2flk*#(z) sinA [K a (L-z)/2k) dz
,
= 0.30 7 C.J kV4 L"/6
= 0.124 CjV?'6 L'"6
( plane wave )








path length from source to detector
refractive index structure constant
The plane wave expression is valid for a point receiver.
The spherical wave expression is varied for a point source
and point receiver.
Under appropriate conditions, scintillation can be meas-
ured by placing a detector in the observation plane and
recording the intensity changes over time of the radiation.
The intensity fluctuations are computed, rigorously, by
calculating the variance of the intensity, i.e.
Gvi.= <d/i 9 )2 > - <i/i >a
= GiVi a
a (1-3)
where I = I(r,t) ; the instantaneous intensity
at the detector.




> - <I> ; the varance.
Tatarski [Ref. 1] showed that, for the weak trubulence
region, the log irradiance fluctuations have a Gaussian
distribution. The log intensity variance is determined as
follows
:
2- = log (I/I )
of- <r> - <i>
x
0f= <(log I/I )
X
> - <log I/I >*
= <(log I) 2 > - <log I>*
05
x
= (^(log i) (1.4)
The log intensity variance (7j- is of importance in
describing the distribution of turbulence. This allows the
scintillation to be described by the variance of log inten-
sity fluctuations received at a detector with no dependence
on the average signal intensity received. Clifford noted
[Ref. 10] that the relationship GJ - 4- Ok is the accepted
formula to correlate the empirical ( Gj) and the theoretical
10
( (n?) variances. This results in our being able to describe




= 4A C*K1»l/*/< (1.5)
where (j* <. 1 ;defines the low turbulence region.
Tatarski showed that this relation is valid only in a
weak, homogeneous turbulence of the Kolmogorov form. A
crucial assumption in this and in preceding works by Speer,
B. A. and Parker, F. H. [Ref. 5] Costantine, A. G.
[Ref. 7] and Henry, L. M. [Ref. 8] is that we satisfy this
condition
.
If the turbulence is not constant along the propagation
path, there must be some weighting for position. The works
of Tatarski [Ref. 1] Lutomirski and Yura [Ref. 3] and others
had explained the direct path scintillation clearly with the
theory in reasonable agreement with experiment. But the
folded path scintillation case is not as well understood,
and theoretical predictions have not been fully confirmed by
experiment
.
Optical scintillation on folded paths was investigated
by Dr. Avihu Ze ' evi in his doctorial thesis at NPGS . In his
work, Dr. Ze'evi examined spherical waves and a plane mirror
as a folding target, and weak, Kolmogorov turbulence.
Ze'evi stated that the relative contribution to the scintil-
lation of different points along the path of a spherical
wave are
:





folded path : W (x) = [x(2-x)] r^ ' (1.7)
>
where x = Z/Zo
z ;distance along the path from
the detector
z
ft ;distance between detector and mirror,
11
(folded path) , or
,
distance between detector and source,
(direct path)
.
Figure 1.1 shows the two weighting functions. In our
set-up, Zo was 61 meters for the path. From Figure 1.1, in
the case of an exact folded path (& = 0), the main contribu-
tion to the scintillation comes in the vicinity of the
mirror. In the case of the single path, the main contribu-
tion is from the center of the path.
Ze ' evi further noted that it was unlikely that we could
find the proper conditions under which C
^
(x) along an
atmospheric path is constant. Speer, B. A. [Ref. 5]
Costantine, A. G. [Ref. 7] Henry, L. M. [Ref. 8] had
already undertaken to test the Ze ' evi prediction at NPS
.
Their results were inconsistant but did indicate that
Ze ' evi ' s prediction was wrong. The main goal of this exper-
iment was the utilization of a controlled environment turbu-
lence chamber to test Ze'evi's predicted weighting function
for scintillation along a folded path. We used a plane
mirror, a corner cube, a cat's eye in the experiment and
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As a result of previous work at NPS on the effects of
the turbulent atmosphere on optical propagation and the
attempts by others to validate portions of Ze'evi's doctoral
thesis, most of the optical and processing equipment
required for this experiment was already in existence. We
made only minor modifications of the turbulence chamber used
to cause scintillation along the path. The turbulence
needed to be as reproducible as possible. Ct was measured
at each position in order to normalize our results. We
briefly describe the compomemts of the scintillation meas-
uring system in the following section.
B. TURBULENCE CHAMBER
Tatarski [Ref. 1] defined the structure functions for
temperature as
DT (r 2 - r, ) = <[T(ra ) - T(r, )]*> (2.1)
This is the general form for a structure function and can be
used for other variables such as wind speed, humidity, and
aerosol concentration. The brackets < > imply an ensemble
average in which all possible point pairs ra , r, are aver-
aged. By imposing isotropy, we remove the dependence on the
vector coordinates and only need to consider the magnitude r
=
| rj, - f, | of the difference between the two points. The
temperature structure function becomes
Mr) = <(T(rO - T(r, )f > (2.2)
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By dimensional analysis, Kolmogorov showed that as long as r
was restricted to a certain interval called the inertial
subrange, then equation (2.2) had a simple r ^ power law
dependence
DT (r) = C/ r 3* (2.3)
and the index of refraction structure function is
Dl7,(r) = C* r V* = Cr r'A (79 P/T 1 x l(f 4 ) Z (2.4)
log D




Figure 2.1 Log D T vs Log (|r2 - r,| ) .
The variation of DT = f ( r ) is shown in Figure (2.1). As
long as r is greater than the inner-scale, which is on the
order of millimeters, and smaller than an outer-scale, which
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is on the order of meters, Then the Equation 2.3 is valid.
For some larger r, the temperature fluctuations become
uncorrelated and the structure function asymptotically
approaches a limit. Squaring the quantity in brackets in
Equation 2.2, we have
DT (r) = <T(r, ) * T(r, f - 2T(r 2 )T(r, )> (2.5)
For r -- , and assuming homogeneity, <T(r
;
)> = <T(r_2 )>, the
structure function becomes
DT (r) ~- 2[<T
i
(r, )> - <T(r )>]
- 2 ft* . (2.6)
Equation 2.6 shows that the asymptotic limit of D T (r) is
just twice the variance of the temperature.
According to the above theory, we found that a reason-
able value of the distance between the two probes (r) was
0.05m. One sample experiment of the variation of Dr with r
is located in Appendix K.
A tunnel 61 meters long with a cross section of 0.61
meter x 0.61 meter was constructed by Costantine [Ref. 7]
and Flenniken [Ref. 6]. They used four pieces of 3/8 inch
plywood 2 feet by 8 feet to construct a section of tunnel.
The tunnel consisted of 25 sections placed end to end. The
plywood was treated with a water repellant and painted white
on the outside and flat black on the inside. The tunnel was
located on the roof of Spanegal Hall. The plywood sections
were sealed together by prevent any drafts inside the
tunnel
.
One section was modified for the controlled turbulence
region. A heat source was placed just above the bottom at
one end of the section and an opening about the same size as
the area of the heat source was cut in the top just above
the heat source.
16
A chimney 64 cm square x 64 cm high was constructed over
the opening. A wooden baffle was placed over the top of the
chimney so as to allow air flow but prevent down drafts from
entering the tunnel. We installed a fan in the baffle in the
top of the chimney, directed so that it exhausted air from
the heater section to the outside. In addition, two plywood
baffles were installed inside the chamber next to the
heater. These baffles limited the flow of air along the
longitudinal axis of the tunnel. Elliptical holes of suffi-
cient size were cut in the baffles to allow the beam to pass
through without any additional diff ration effects.
A wide slit was cut in the side just below the heater.
This allowed air to flow in under the heater where it was
drawn up through the heater by convection.
A small slit was cut in the side of the turbulence
section just above the optical path. This was for inserting
the platinum temperature probes above the heat source for
measuring the temperature fluctuations.
The heating element was bent in reversing V's mounted on
a wooden stand with ceramic stand offs. The wide spacings
,
about 6 centimeters, between the legs of the V's helped in
providing a larger outer scale. A fan turning slowly at
about 1 revolution per second helped break up the laminar
flow above the heater into turbulent flow as close to the
heater as possible. The detailed statistics are presented
in [Ref . 9]
.
The turbulence source was mounted in a special tunnel
section. This unit could replace any tunnel section during
an experiment. Figures 2.2 and 2.3 show the heater sections
and turbulence chamber.
For our experiment the turbulence source was introduced
at different positions along the path. This change of
turbulence location could be completed in several minutes






involved in the experiment . In order to have the same quan-
titative measure of the turbulence present, the temperature
structure constant, Ct was measured at each path position
of the modified tunnel section during an experimental run.
C T was measured by inserting 2 platinum resistance probes
and a thermocouple directly above the heat source screen.
Five such runs were made and averaged at each heat source
location at the same time scintillation data were collected.
A schematic of the system is shown in Figure 2.4. Details
of this procedure can be found in [Ref. 6].
18

























We did not measure the direct path because Costantine
[Ref. 7] and Henry [Ref. 8] have already made the measure-
ments and their results agreed with theory. So that, we
measured only the folded path beam. We set up a convex lens
just in front of the laser source to diverge the beam. The
beam was chopped by a mechanical chopper. The chopper modu-
lated the signal for A.C. amplification. A beam splitter
directed the beam towards the reflector located at the other
end of the tunnel. In our experiment, we concentrated on
the flat mirror, corner cube, and cat's eye to compare the
reSlilts with each other.
At first, by placing the corner cube and cat's eye on an
optical bench, we hoped that we could slide the corner cube
and cat's eye into the beam, without disturbing the align-
ment of the flat mirror. But we were unable to insert the
corner cube or cat ' s eye without disturbing the alignment of
the mirror. So we completed all measurements for the corner
cube then we made the measurements with the flat mirror and
finally the cat's eye. The arrangement of the optical
components is shown in Figure 2.5.
D. LASER SOURCES AND PULSE FORMING EQUIPMENT
The laser used for the experiment was a HeNe laser with a
wavelength 0.6328 micrometers and power output of 0.95
milliwatts. The laser was mounted on a platform controlled
by micrometer screw adjustments to facilitate precision
alignment
.
The mechanical chopper with an open to closed ratio of 1
: 4 was mounted just in front of the laser source. In order
to establish a trigger pulse synchronous with the optical
pulse, a light emitting diode was positioned on the opposite









































Arrangement of Optical Equipment
22
LED source and detector provided the basis for all timing
within the system. The signal from the LED triggered a
function generator, which provided the actual pulses for
system timing.
E. DATA COLLECTION EQUIPMENT
The signals were detected by a silicon avalanche photo-
diode, then amplified by a Princeton Applied research model
113 amplifier with the gain set at 50. The high and low
frequency roll-offs for the amplifier were carefully
adjusted to get a properly amplified signal without creating
spe"ctral distortions. The amplifier output signal was sent
directly to the demodulator, built at NPGS.
A trigger pulse activated the demodulator to demodulate
the input signal. The demodulator utilized a sample and
hold circuit to sample the instantaneous maximum and the
background. The output of the demodulator was the difference
between the two signals. This means that the true signal
intensity was available for further processing. The result
was passed to a log converter.
F. DATA REDUCTION EQUIPMENT
Finally, this signal which is now propotional to the log
of the intensity was fed to the DATA 6000. This device took
the log intensity fluctuations and calculated the standard
deviation. Five sets of data, 500 samples each, were taken
for each reflector, and 10 turbulence positions during an
experimental run. These results were transferred to the
Hewlett Packard model 9825B calculator for output to the
plotter and printer.
Figure 2.6 gives a schematic layout of the pulse forming
and detection equipment plus the respective signal






'ClOD 1 ; LATOR
DETECTOR
LO-1 CONVERTER








We had two main goals for our experiment. First, we
wanted to get additional data to prove or disprove the theo-
retical folded path scintillation weighting function
predicted by Ze'evi. Second, we wanted to use three
different reflectors, a flat mirror, a corner cube and a




The experimental data were taken at night. We assembled
the tunnel sections on the roof of Spanagel Hall and sealed
them together with masking tape to prevent unwanted drafts
in the tunnel. The detector, the laser source, the chopper
and all the reflectors were also sealed under the table
protecting the ends of the tunnel, so that we had a closed
system. The only openings were on the sides of the turbu-
lence section, which allowed the flow of air into the region
directly under the heater. Warmer air would then rise up
the chimney
.
Additionally, we observed an interference pattern on the
detector face. This interference pattern was eliminated by
intercepting the secondary beam from the back face of the
beam splitter with a small wooden stick. Examination of the
beam structure at the target mirror and on the detector face
indicated that this eliminated the interference problem
without introducting stucture to the beam.
Our research consisted of nine separate experiments. We
do not include results of the first two experiments, because
25
the reflectors were disturbed during the experiment.
Throughout a run we attempted to vary the voltage applied to
the heating coil to stabilize Cy . The input power to the
heater was varied from 44.5 to 110 watts but we failed to
truly stabilize Cj • As a result of this problem, we
decided to normalize all data for Ct changes.
The quiet tunnel scintillation was measured and used as
a reference. Then the heater was turn on, and after warming
up, we measured the scintillation data, Cr and the
internal temperature at the same time. The heater tunnel
section was then moved to the next position. The procedure
was repeated for each data point. The standard deviations
computed by the DATA 6000 were used to calculate the log
variance of the intensity fluctuations.
By subtracting each experiment's respective "quiet"
tunnel variance from the individual position variance during
actual runs we got the true effect of the turbulence at that
position. These results were then plotted versus each path
position, along with a least squares fit to compare Ze'evi's
weighting fuction.
C. EXPERIMENTS
1. First Experiment ( Corner Cube ) 11 Oct 1984
For the experiment, the equipment was set up as
described in section I . We put a 60 pound lead brick in
each tunnel section, five lead bricks on the laser source
platform and five bricks on the reflector bench to prevent
vibrations. The weather conditions were clear and the wind
was calm. We maintained the power to the heat source at
44.5 watts. The velocity of air through in turbulence
chamber was about 45 ft/min.
Because we almost got a slope of 2/3 for the loga-




a -r, | , we made our scintillation measure-
ments with the turbulence chamber under these conditions.
The data were collected at nine heater positions,
8.42, 15.74, 23.06, 30.38, 37.70, 42.58, 47.46, 52.34, and
57.22 meters, measured from the detector end. Figure 3.1
shows the log intensity variance versus the distance of the
turbulence from the detector for this experiment. The
values are normalized and include a plot of Ze'evi's
weighting with the results. Detailed data is listed in
Appendix A. We can not explain the jump after the 42.58
meter position.
2. Second Experiment ( Corner Cube ) 12 Oct 1984
After analyzing the first experiment , we found that
small disturbances of the reflector affected the measure-
ment values. We made a hole just behind the panel of the
detector and attached a vinyl sheet with a screen to watch
the scintillation fluctuations. We retaped all of the
tunnel sections to prevent unwanted wind drafts and decided
to add the baffle to the turbulence source tunnel to isolate
the turbulence source from the tunnel environment.
In this trial we sampled ten points along the path
at 57.22, 52.34, 47.46 42.58, 37.70, 30.38, 23.06, 15.74,
8.42, and 1.1 meters. We observed the weighting at the
reflector end to be suddenly higher. The plot of Ze'evi's
weighting and the data are shown in Figure 3.2, with the
complete results in Appendix B.
3. Third Experiment ( Corner Cube ) 17 Oct 1984
In reviewing the previous two trials. We had consid-
erable difficulty in maintaining the signal strength
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but the wind was appreciable. We retaped all of the tunnel
sections. In this trial we selected ten path points, the
same as in the second experiment. The results were not
good. We suspected that the external wind conditions influ-
enced the results. The plot is shown in Figure 3.3 with
detailed results in Appendix C.
4. Fourth Experiment ( Flat Mirror ) 20 Oct 1984
For this trial, we set up the flat mirror instead of
the corner cube. The D.C. power supply of the detector and
the gain of the amplifier were the same as for the corner
cube. The external weather was cloudy and the wind was
calm. After this run, we found that the D.C. power supply
of the detector decreased from 250 volts to 210 volts
altering the gain. Since the variance of the log intensity
is independent of the mean intensity a slow change in the
detector bias voltage would not affect the results. In the
analysis of this experiment, the data trend was completly
different from Ze'evi's predictions. The plot showed that,
the pattern was not weighted enough near the detector to
about the 30 meter position and increased abruptly near the
reflector. The plot of variance versus disturbance location
from the detector are presented in Figure 3.4. Detailed
results are in Appendix D.
5. Fifth Experiment ( Flat Mirror ) 22 Oct 1984
We rearranged all of the devices, laser source,
chopper, convex lens, detector and reflector and rechecked
the data reduction equipment. We did not find anything
unusual. The pattern of this run was similar to the fourth
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reflector. The results are shown in
detailed results in Appendix E.
Figure 3.5, with
6. Sixth Experiment ( Flat Mirror ) 24 Oct 1984
We suspected that our heater was not drawing air in
smoothly from the outside. In order to creat a positive
flow of air upward through the beam and out the tunnel
chimney, we fixed a wooden plate on both sides of the heater
in the tunnel opening and all of the tunnel section was
closed tightly.
The last 57.22 meter position had less weight than
the 53.22 meter position. The total pattern followed the
two previous experiments. The plot is shown in Figure 3.6
with detailed results in Appendix F.
7. Seventh Experiment ( Cat ' s Eye ) 2 Nov 1984
We spent a lot of time aligning the cat's eye. But
we failed to get an exact "alignment, because we found that
the folded path beam on the screen was distorted. The inten-
sity of scintillation was too weak so, we took out the
convex-lens. After that, We observed the interference
pattern of the splitter, which may have been due to
disturbing the platform of the laser source during the move-
ment of the heat source. After alignment of the laser
source, we restarted from the 15.74 meter position.
The results we obtained follow the general pattern
of Ze'evi's prediction, but it showed a pattern of less
weight in all positions. The plot of variance versus distur-
bance location from the detector is presented in Figure 3.7.
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8. Eighth Experiment ( Cat ' s Eye ) 4 Nov 1984
We tried aligning the cat's eye again. But the
pattern of the curve was still distorted. We collected data
in reverse starting from the reflector end. The results were
nearly the same as the seventh experiment . The plot is
shown in Figure 3.8, with detailed result in Appendix H.
9. Ninth Experiment ( Cat ' s Eye ) 12 Nov 1984
We changed all of the batteries and increased the
power of the heat source to the 110 watts. From the start to
about 30 meter position, the pattern of the curve followed
Ze'evi's prediction. At the end of the target the pattern
suddenly dropped. The plot of variance versus disturbance
location from the detector is presented in Figure 3.9.
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IV. RESULTS AND CONCLUSIONS
Based upon our experimental results and data analysis
we find the following :
1. In examining our nine experimental runs we conclude
that the data follows the general pattern of Ze'evi's
prediction but fails to conform exactly to his
predicted path weighting. The figures show a lower
path weighting in the vicinity of the detector and a
higher path weighting in the end of the target
mirror.
2. The detailed results of each of the three reflectors
are as follows. The corner cube tends to follow
Ze'evi's general predicted form. But we got a higher
path weighting in the vicinity of the target mirror.
The Figure 4-1 shows the cumulative plots of all data
for the corner cube. The flat mirror does not tend
to follow the Ze'evi's predicted form at all. Our
data indicate a low path weighting from the laser
source to the 30.38 meter position. After this 30.38
meter position the path weighting inceases rapidly.
Figure 4-2 shows the cumulative plots of all data for
the flat mirror.
The cat's eye tends to follow the pattern of Ze'evi's
predicted form closely. But the values at all posi-
tions have less weight when the power of the heat
source was 44.5 watts. Figure 4-3 shows the cumula-
tive plots of all data for the cat's eye.
3. We conducted numerous trials with this measuring
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baffle arrangement and external weather conditions.
Since we have not met all of the requirements of the
Ze ' evi theory, we can not state firmly whether or not
it is correct for which case. It is not correct for
the flat mirror.
4. Recommendations
First, without disturbing the laser source, reflector
and detector the measurements of scintillation should
be continued in more detail.
Second, the turbulence chamber and heater should be
modified in order to provide a source of turbulence
consistent with theory.
Third, our results are nearly the same as Costantine













































CO CD O r-> r- _^- LO CN fNI
r^ rH CM Csl J- LO rH cd rr
LO lO O =f co co LO CMO H rH rH rH zr H
CD
O
+ 1 + 1 + 1 + 1 + 1
Csl OO oj c~-
+1
co lo cd 01 j- lo r~-
t-, o lo co lo cm en
1—1 cm lo co o 01 r->
LO 00
CM
H r-l rH C^ CO CN CO J- r-
r lo en c- r- Csl LO r-
LTiCOrHCUrHCDr-I CD CP
cm co co m 00 co cd cm
CO LO Cm rH J" CO CO O r^
CO LO CO CD CD CM CO LO r~-
CM rH CM rH 00 CO rH r-
rH rH OJ O rH CO CO CD CM
CO CD Cm Zt CD CD CO LO CD
J CM CD rH CO CD
c- co LO J" CO CD cr 00 r-






CD CO LO O J- CD rH CM CD CO
CO rH rH LO co rH r- CD rH r-O O O O O CD OO O O O O CD O
CI
CM
co r-H J rH rH CO LO CD
ir> CM rH CO CM CD CO CO CD
_•; CO O H" r> CI CO CO CM
















CM J" CO CO
J" C- ro
CD LO CO O
rH CM CO
o 00 CD j- C4
LO Zt CO CM
CM
, r-- OJ r-




































cd CNI o CC to zr LO r~-
to r- CO CO co CO oo
o i—
i
C J LO rn r- O-J
CM CN CM H CM co n
LO
Zf r^ J- CO to CO LO CO CO
i_n o CM (O j- o to J- en r~>




zr LO CM J" en CD tT) J" CO o
r- CM LO ID to CO r-H Csl o CO
o J" CM CO t> CO Ol CO zr LO













o H r-l LO r-> LO CM CO LO
t r- CD to CO o LO CM CO CO
D CM CM J" zr LO P> LO CO [-
00
00 CM CO CM to CO r—
1
CO [> to
to CO to r- o r-~ O to t-h CM
<—i CO rH CD LO CM LP CO CO j-










c> to J- CO CD CD CJ to to oo u0
CM o cn zr C"> co OT zr CM o LT>
CO CM I—
1
Cm c~- zr CD CD CO o zr
o o CM O o r-t O O o I—
1
i-H








oo j- r- zr J" LO to
CM JT J" r- lO CO LO i—
1
o r-
tO CM ai CNJ CD t-~ Ol o CO LO
















































co oo co CO CM r-- CO i—
1
CD CO
CD J rH UT H LO CO i— lO uoO H lO J" o on i_o CO H i—
1
O rH rH rH 1—
1




r-» LO cn o LO cn CO c> I>
co CO rH o CO co o H O CT)
o LO CO CN CO UO co CO rH CO













cc r- r-i c o o- LO CC
CC UT CO ri > CO co cn CO LO o
CP OJ o- c—
I
a> r> o LO O CO
rH LO J- i—
i












cn rH cn O) LO CO o lO LO ro
o lO r-H J" CO o CO CO aj cn
OJ OJ LO OJ co LO OJ OJ lo OJ




CO CO CD CD o- co CO CO rH
C-1 t> L. > r- a> O j O rH LO
o Oj C CO r- ^r CO LO CM Lf)
o
CO rH CO rH co OT CO CO o CO OJ
o OJ OJ r- ro LO co (
)
a LO 00
LO OJ o LO o OJ o CN r- rH UO





[*- r- r- O O CO o~> CO o r-- rHA
r- o u J" CD co co o- a> -f -3-
°'~ LO CO OJ co CO co r- CM OJ o» rH
V






4-J CM J- CO co CD CO CO j- CM
c 0)
•H
rH zr r-~ C) CO o~ LO- zt co OJ
JH M •P 3 rH CO LO CO o r- i OM r- CM r-UHQ •HQ

























CO co o CO ro cc r-~ J- LO
o LO 1—
1
r- co CO o cd J" o




CnI L.') o CD
CN O J" CD i-H







r- LO J- co CD cc r-- CD rH a
ro ro cc CD LO CD i—
1
CO Sl" co
3- CO o LO j* CM r-- O r- r-


















co CO en r- J"
rr Cl> rr CO o ro co d "T CD
CN CO o C) ro CD r-l r- r- roO LO









+ 1 +1 +i + 1 +1 + ! + 1 4-1 + 1 + 1
CO
co LO o en
CD ZT co LO CO CN o co CD CO
O o OJ CD CO co r» CnI CD CO
lo
-J- o ro





o LO LO i-H CD CD rH CD r- oo r>
r-\ o o o zr CN rH LO CO CO CN
o o o o CD t—
1
O rH rH o lO


























CD J- o LO CN r~- CO O
CN t—
1
r- r-» CD r~ zr ro
LO CD r» ro CN CO CN CO












































CD CO LO .zt co CI cm 00 co CD
C~- r- CO CO CO H co CN o CN
i—
I
LU a> CD CO to CN rH o W)
o o r-i H CN rH a> LP CO r-»
+1
00 CD CN LO CN
CD CD J" H CI O a 1 CJ CD CO
co rH 00 r-< CD •3" CN rH co LO
rH CN m CD iH CD o CO CO






zr CO o CO CO CO J- CD
rH tH CO r~ l CO CD -d- CD CO r-\
CD CO CO o r- CN on1 =t ;+ t-i














CD rH rH CM CD rH r-
CO LO CN r-. CN to CD






r- CO CN U) co o
CD CO r- CO CN CJ
O > CO O ci ) O
rH rH CN
o
co CO o CD LO co CD CO CO ^-\ O
rH o <--\ CD o rH J" co CN o r-
CO o o CO o o r_" j r-\ o rH o




















r-f CO CD o J- CJ o i.n r-t o
CN r-H =r o> CO en c^ J- LO =t
CD Cm CO o [-> CO CD rj- CO LO
<-i CJ CM CO CO -7 _^- =r zt- -T
P CN J- CO 00 o CO CO J- CN
a> rH Zt (--• CJ CO r- LO zt P; CN
•H
D rH oo LO CO o r- 1 CJ r~- CN r^

























J- CM j- CO H lO CO CD cc rH
r- CM 00 rH lO r—
1
^r co CO LO
r-l r- CNJ CD CD O 'O oo CD JTO o rH H zr CD j- co CD r-
en rH CD CD J-
J- CO on rr o OJ J" CO CO r-













en CO r- r- f- LO co r~- CM CO
CD CD CD ^ m CD CD r- O CD

















o H- rH CO en
CD rH r-- o o LIT CO c- U0 CD
CO CD CO ID H J- CO CO CD CDO rH CM CO rH CO o CD J UO
r-l rH rH H H
+ 1 + 1 + 1 H + 1 + 1 + 1 + 1 + 1 + 1
CD
CM o CM oo
zr CO co en O CM CD CD J" CO
r- CO CO CD U0 CO <n CO r—
1
r--
rH CO CD o CO zr en O rH























CO r- O co CO o CNJ lO O H"
o j- ID CD CM CO CD CD a~> 00
CJ o O o CM H CJ O o rH
o CD CD o o o CD o o o
H i 1 + 1 -1
1
+ 1 4-1 + I 1 1 + i 41
J- UO r- 3- Li") zr co CO oo rH
' ID CO CO H" ,—
i
r-- en CO LT
CO H j c> CD o rH CO c-~ CD
rH CJ CM "si CO j- H- ^T J J"
+-' uO CM =f uO co o oo <_D j CM
a) u") _*- [•- O oi r- lO J co CM
H

























oc lo O) ^r cm co r--
j- w> co d cj Lf ) en
CM CO CM CO j- (.O j-
r—
I




CO C» i—I O i-H J- StO O CO (X) LO i-O oi
































LO UJ CM H O0 O -3" cr
CO CJ CO LO J" LO O r--
CO H CJ) J- UO rH O CO
m CO CO CM rH rH rH
LO CM rH O en =t rH rH
l> c» pH [~> en O CO rH
en r- en C_J co rH ZT rHO c-i rH i_o rH CO rH rH
+1 +1 +1 41 +|
i-H CM CO Ol CM CM
H
CD iH Oi lO CO CX» C-l
r- CT> J" LO 00 O 00

















00 co co co rH
J- CO rH rH Ol





rH O r- rH LO
rH O CJ CO O O
LO c- r H r- {--



















JT CD CO a) 'X) ^r CM
r- C"> CO (-- lO J- 01 CM
LO CO "D o- CM r> CM r-





























LO u) no a> a? CD co CXI CD o
m CD co CD j- to CC r*« o> TO
co CM TO OO co o co CD LO r—
1
o o o H o H CM O CM rH




CM CM CO co LO CM CJ CO CO
o en CO r- CO J- LO TO CD J-




en TO LD CU CD CO LO •3- o co
CM TO CM CJ O r- CM zr CO cn
o O LO H/ CO lO r^ o J- CM




















CM CM J- CO CN o CO TO r- CO
l—
1
CD OJ J- CD a> i—i o (-- CM
CD LD CO CM oo TO cc U) CO LO
rH CO o ZT 1-1 CM Jt <-l uo CM
O lO
r- CD CM CM CM co cn J" o TO
LO CJ ZT r-» o J CM r- ro CO
j- CD O j- LO co CD CD o CO
o
CD CM TO UO LO o CD rH O TO oo
CM J- rH a o I—
1
CM CD rH o CO
o o o o o o O O co CO o


















J- CO O CO rH CO j J 3- TO co
CO O rH rH CO CO J- rH CM -tr LO
LO [*- 00 rH 3- co CO r> r- lO CD
r—
1
rH rH C -J CM CJ CM CM CM CM rH
M c/> CM J- CO CO a CO co j- CM
<U LO J" rH o CO r- uO H- TO CJ
•H • • • . • • • • •
O CO CO LO TO o c- CM c-> CM c~



































OJ rH CO CD CN CM =r r~ OJ CO
LO LO CM on 00 r- o CO o- cn




































-d- CO CM LO
CO OJ O o lO to oo- J- J- M
CO OJ CO CO O LO LO co CO CO
OJ rH rH I— rH
rH 0) CO CD c r-» r- J" LO OJ
J" OJ C) j- OJ o LO cn CO o^
O) ro [-» j- co CD J" LO co J-
+1 +1
O, O CD rH OJ
to cm cn co p-




+1 +1 +1 +1
CO C) CD 00
-]" CO C) LO
cn r-- r- r-

























o> o CO H en CXI r-{ cn
CM CM uD CN rH CN CD i—
l
J3- CO cn
o O O CM O o O rH T—
1
C O




CD 00 rH co CO c^ CO i—
i
OJ <^o
u) O J" ai OJ cn cn o o- o
OJ r- ri CO CD D"> CO LO o CO
i—
1
rH OJ OJ (O CM CN CN Oj rH
4-> lO iNJ
-T CO oo Q CO <d j^- OJ
0) LO H" r- o ro r» LO _r ro Osl
H
3 CO 00 U ) CO o r- CN r- CN r-
O' rH OJ CI CO ' J- --T LO L)
APPENDIX J




Figure K.l Sample D T Data and Theoretical Curve
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